Electric field tunable superconductivity with
competing orders in twisted bilayer graphene

near magic-angle

Ranit Dutta, ™ Ayan Ghosh, 4 Shinjan Mandal,* Kenji Watanabe, ¥ Takashi
Taniguchi,§ H. R. Krishnamurthy,i Sumilan Banerjee,i Manish Jain,} and

Anindya Das**

T These authors contributed equally to this work
TDepartment of Physics, Indian Institute of Science, Bangalore 560012, India
Y Research Center for Functional Materials, National Institute for Materials Science, 1-1
Namiki, Tsukuba 305-0044, Japan
§International Center for Material Nanoarchitectonics, National Institute for Materials

Science, 1-1 Namiki, Tsukuba 305-0044, Japan

E-mail: anindya@iisc.ac.in

Abstract

Superconductivity (SC) in twisted bilayer graphene (tBLG) has been
explored by varying carrier concentrations, twist angles, and screening
strength, with the aim of uncovering its origin and possible connections
to strong electronic correlations in narrow bands and various resulting bro-
ken symmetries. However, the link between the tBLG band structure and

the onset of SC and other orders largely remains unclear. In this study,
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we address this crucial gap by examining in-situ band structure tuning of
a near magic-angle (6 ~ 0.95°) tBLG device with displacement field (D) and
reveal competition between SC and other broken symmetries. At zero D,
the device exhibits superconducting signatures without the resistance peak
at half-filling, a characteristic signature with a strong electronic correlation.
As D increases, the SC is suppressed, accompanied by the appearance of a
resistance peak at half-filling. Hall density measurements reveal that at zero
D, SC arises around the van Hove singularity (vHs) from an isospin or spin-
valley unpolarized band. At higher D, the suppression of SC coincides with
broken isospin symmetry near half-filling with lifted degeneracy (g4 ~ 2).
Additionally, as the SC phase becomes weaker with D, vHs shifts to higher
fillings, highlighting the modification of the underlying band structure with
the applied electric field. These findings, with recent theoretical study on
SC in tBLG, highlight the competition, rather being connected concomi-

tantly, between SC and other orders promoted by broken symmetries.
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A relative twist angle between two or more van der Waals layers,' ! leading to the
formation of moiré superlattice, has opened up a completely new field of condensed matter

research known as ‘twistronics’. Observations of interaction-driven emergent phenomena

1,2,6,8-21 22

like superconductivity (SC), correlated Mott insulators,?3 orbital ferromagnetism,

anomalous Hall?® and quantized anomalous Hall effect,?* nematicity, !> Chern insulators, 252°
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strange metal,3® giant thermopower!* and breakdown of semi-classical description of Mott’s

14,31,32

formula are ubiquitous in this area. Among the family of twisted heterostructures,

1-3,12,13,17,19,26,27,30,33-36 with o twist angle of

magic-angle twisted bilayer graphene (MAtBLG)
Orr >~ 1.05° — 1.1° between two sheets of graphene monolayer is being extensively studied for
hosting flat bands®” and having a rich phase diagram with such strongly correlated phases.
Inter-layer hybridization between the rotated layers facilitates the formation of these isolated
flat bands which causes the effective electronic kinetic energy to become much smaller than
the effective coulomb interactions® leading to the realization of such correlated phases. The
appearance of correlated insulators (CI)%? at integer moiré filling v and a superconducting
dome when the Cls are doped away from the integer filling!'? shows a strong resemblance to
the behavior of high-T,. (> 100 K) cuprate superconductors .38

Recent studies have, however, raised questions as to whether and to what extent super-
conductivity in tBLG is intimately connected with correlation effects.'1® In these reports,
superconductivity has been observed even in the absence of correlated insulator states by
varying the dielectric thickness to control the coulomb screening,!” and even at angles de-
tuned away from #,;, with the SC phase sometimes taking over the whole of the phase space
without any signature of correlated states.'%!® The decoupling of superconductivity and cor-
related insulator behavior in the presence of screened coulomb interactions!'® or the increased
bandwidth of the flat bands (angles away from 6, +0.05° ) indicate that these two phenom-

17,18 and electron-

ena may not be always intimately connected, and may even be competing
phonon mechanism may be playing a significant role in the origin of superconductivity in
tBLG. 7394 Thus, unlike other graphene-based systems such as Bernal bilayer graphene
(BBG),* % rhombohedral trilayer graphene (RTG),* ABC-trilayer graphene/aligned with
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hBN, %6 alternatingly twisted trilayer,®® and multilayer graphene, %!

where superconductiv-
ity consistently emerges close to other symmetry-broken phases, it remains unclear whether

superconductivity and other symmetry-broken phases are fundamentally linked in twisted

bilayer graphene (tBLG).
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Figure. 1: Band structure and device schematic. Schematic presentation of band
crossing of top and bottom layer graphene at a) zero D, and b) finite D, . The calculated
band structures using a tight-binding model on relaxed structures of twist angle, § ~ 0.95°
tBLG for ¢) D = 0, and d) D = 0.5 V/nm (For the theoretical calculation of D see
Methods and Supplementary Information SI-15 (II)). e) Device set-up for measuring R,
and R,,. Using the combination of a metal top gate (V;,) and a global SiO/Si back gate
(Vbg), the carrier density, n, and the perpendicular displacement field, D, were controlled
independently. f) The schematic for the positive displacement field when V,, is positive
but Vi, is negative. All the measurements are done with constant current bias and using
a standard low-frequency lock-in technique at frequency f = 13 Hz in a cryo-free dilution
refrigerator.

To answer these questions, one needs to investigate specific features of tBLG, other than



electron-electron and electron-phonon interaction, e.g., band structure details such as van
Hove singularity (vHs) that can crucially influence superconductivity. However, the explo-
ration of how the appearance of superconductivity is connected to the features of such band
structure details in tBLG is missing in the literature. Here, we address this issue through the
in situ tuning of the band structure by a displacement field that continuously tunes a vHs
further away from half-filling and thus induces other symmetry-breaking orders, presumably
competing with SC. As shown schematically in Figure. 1a-d, applying a perpendicular electric
field can tune the band structure of a tBLG with a twist angle slightly away from the magic
angle, and can give insights into the intimate connection between the band structure and
SC. Thus, we present a comprehensive study on tuning the SC phase of a near magic-angle
tBLG (~ 0.95°) device as a function of a perpendicular electric field (displacement field, D).
At zero displacement field (D = 0.00 V/nm), the device shows resistance peaks at the Dirac
point (CNP) and full band filling (v = £4) also known as superlattice gaps, but without any
signature of resistance peaks at half-filling (v ~ £2). Most interestingly, the device shows
the signature of SC with resistance dropping to almost zero with decreasing temperature
away from half-filling (v ~ +2.7). Typical behaviors such as a superconducting dome with
temperature (77), non-linear current-voltage (I — V') characteristics, and suppression of the
superconducting phase with a magnetic field (B, ) establish the robustness of the SC phase
of the device at D = 0.00 V/nm. With increasing D, the SC phase is suppressed with the
appearance of the resistance peak at the half-filling (v ~ +2). The tuning of the SC is further
quantified from the D dependent critical temperature, T, critical current, I., and critical
magnetic field, B., (both parallel and perpendicular). To understand the role of the band

structure, we study the Hall density (Hall filling/Normalized Hall density, vy ) as a function



of the filling (v) at different D, which reveals the following: (i) at D = 0.00 V/nm, the
SC arises precisely around the van Hove singularity (vHs) from an isospin-unpolarized band
with degeneracy, g4 = 4, (ii) at higher D magnitudes, the suppression of SC is concomitant

with the broken isospin symmetry near half-filling, with lifted degeneracy of g4 ~ 2.

Results and Discussion

Device set-up and characterization

For our study, we have fabricated a dual-gated hBN encapsulated twisted bilayer graphene
device using the modified ‘cut and stack’ technique from an exfoliated single monolayer
graphene sheet on a SiO,/Si substrate.4” Fabrication details are mentioned in the Supple-
mentary Information SI- 1. A metal layer above the top hBN acts as the top gate of the
device, whereas the silicon (Si) layer acts as the global back gate. The dual-gated device
structure helps to tune the total number density, n, and the perpendicular displacement
field, D, independently *? in our tBLG device, as shown schematically in Figure. 1f (see
SI- 2 for details). Figure. le shows the device schematic together with the measurement
scheme to measure longitudinal (R,,) and transverse (R,,) resistance in a standard Hall-
bar geometry set-up. Figure. 2a shows the longitudinal resistance, R, versus the filling
factor, v, with increasing temperature from the base temperature of 7' = 20 mK up to 25
K at D = 0.00 V/nm. The carrier density, n, measured relative to the charge neutrality

point (CNP) is converted to moiré filling factor, v = i—”, where ng is the requisite carrier

s

density to fill/empty the low energy flat bands (i.e., 4 electron/holes per moiré superlattice
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Figure. 2: Robust superconductivity at zero D. a) Measured R,, versus carrier
filling, v, from T" = 20 mK up to 25 K at D = 0 V/nm. The resistance peaks at the Dirac
point, and full band filling (v = +4, —4) are seen without any signature of resistance peaks
at other integer fillings. The R,, value approaches close to zero on the electron side at
T = 20 mK between v ~ 2 — 3 marking the superconducting region. b) 2—d colormap of
R, as a function of v and T showing the superconductivity dome around optimal doping
(V. ~ 2.6 —2.7). The red dots are the critical temperatures, T,, corresponding to the 50%
value of normal state resistance, R,,. The error bars refer to the corresponding temperatures,
T, at which R,, drops to 60% and 40% of R,. c) I — V characteristics of SC region at
v &~ +2.7 with variation of 7" from 25 mK to 1 K. The lower inset shows the dV,,/dI versus
Ipc. In the upper inset, V,, oc I® behavior is seen suggesting a typical 2D superconductor
with a Berezinskii-Kosterlitz-Thouless transition at T ~ 600 mK. d) dV,.,/dI versus Ipc
and B, for (v,D) = +2.7,0.0 V/nm (left panel) and +2.3,0.5 V/nm (right panel). The
Fraunhofer-like oscillations can be seen when the SC is suppressed at higher D near the edge
of the SC dome.



unit cell).™® High insulating resistance peaks at moiré integer filling, v = +4, on either
side of the CNP indicates the presence of a single-particle band gap above and below the
low energy flat bands. The twist angle from the carrier densities for v = +4 corresponds
to 0 =~ 0.95° 4+ 0.02° for our device, which is around 13% smaller than the magic angle

1-3,12,17.18 we do not observe

Or ~ 1.1°. Unlike other tBLG devices closer to the magic-angle,
any resistance peaks corresponding to the correlated insulators at half-filling, v = £2, or at
other integer fillings.? In SI-6, we discuss various origins for the absence of resistance peaks

at half-filling. All the measurements are done using the standard lock-in technique at f ~ 13

Hz in a cryo-free dilution fridge for several thermal cycles.

Superconductivity at zero D

As seen in Figure. 2a, we see a clear signature of superconductivity on the electron side
with the R,, value going down to almost zero between v = +2.2 and v = 43 at the base
temperature of 7' = 20 mK. Though the signature of resistance decrement with lowering of
the temperature on the hole side between v = —2.2 and v = —3 can be seen in Figure. 2a, in
this region the R,, value remains finite at the lowest measured temperature (~ 20 mK). From
here on, we will only focus on the superconducting region on the electron side (+2 < v < +3).
Figure. 2b shows R,.(v,T) in the 2—d colormap. A superconducting dome around v, ~
2.6 — 2.7 (optimal doping) is visible clearly. The temperature dependence of V., versus Ipc
traces are shown in Figure. 2c, which is obtained by integrating dV,,./dI as a function of Ip¢
as shown in the lower inset of Figure. 2c. The traces in Figure. 2¢ show the classic evolution

of 2D superconductors from step-like transitions at low temperature to ohmic dependence



around 1 K. The upper inset in Figure. 2¢ shows the BKT (Berezinskii-Kosterlitz-Thouless)
transition, where the evolution of the V,, ~ I~ power law near the critical bias current gives
the BKT transition temperature, Tgxr ~ 0.6 K corresponding to V,, ~ [ 1330 Figure. 2b
and 2c establish the robustness of the superconductivity in our device at D = 0.00 V/nm.
Further, the superconductivity is killed by applying a perpendicular magnetic field (B, ~
60 — 70 mT) as shown in Figure. 2d-left panel for the optimal doping position (v ~ 2.7). In
SI-4 and SI-5 sections, we compare the response of the device with B, at the optimal doping
and near the edge of the superconductivity dome for D = 0.00 V/nm and finite D. The

Fraunhofer-like oscillation pattern!-2:6:81214,16

is not seen at D = 0.00 V/nm, and it only
emerges (SI-Fig. 6,7) near the edge of the superconductivity dome at larger D as shown in
Figure. 2d-right panel for v ~ 2.3. The absence of the Fraunhofer pattern at D = 0.00 V/nm
suggests the existence of a more homogeneous SC phase®® in our device. These observations

1,2,8,9,16-18 ge0on here in the

critically establish the occurrence of a robust 2D superconductivity
near MAtBLG at zero D. At larger D when the superconductivity gets suppressed, which will
be discussed in the next section, the pockets of superconducting and non-superconducting
(normal region) puddles are formed near the edge of the superconductivity dome resulting in
the network of Josephson junctions, which allows the Fraunhofer pattern to emerge. From
the quasi-periodic oscillations of the Fraunhofer pattern shown in Figure. 2d-right panel
and SI-Fig. 7, the effective area of the superconducting puddles found to be ~ 0.2 ym?, in
comparison to our device channel area between the R,, measurement probes ~ 10 um?. The

estimated puddle size is in qualitative agreement with earlier studies.!8:16:17
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Figure. 3: Tunability of superconductivity with D. a) R,, versus v at the base
temperature for different D. The SC weakens with increasing D, and a resistance peak
emerges at v ~ 2 with a background resistance increment around v ~ 1. b) and c) represent
the superconducting domes of R,.(v,T) for D = 0.40 V/nm and 0.60 V/nm, respectively.
The superconducting domes’ width and height decrease with increasing D compared to the
zero D case in Figure. 2b. d) Plots of R,, vs. T for different D fields at v ~ 2.7.
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Figure. 4: Superconductivity metrics with D. a) Variation of T, with D at v ~ +2.7.
The values of T,, were approximated as the temperatures at which R, drops to 50% of normal
state resistance, R,,, for the respective D fields. The error bars represent the temperatures
corresponding to 60% and 40% of R,. b) Variation of I. with D at v ~ +2.7. ¢) Variation
of B., (left axis) and corresponding Ginzburg-Landau coherence length, g, (right axis),
with D at v ~ +2.7. The error bars for B., represent the required magnetic field, B, to
cross 60% and 40% thresholds of R,. d) R, versus By and T for zero D (top panel) and
0.60 V/nm (bottom panel). The temperature dependence of B, (red dots) is fitted (dashed
black line) to extract the critical parallel magnetic field at zero temperature, BSH ~ 1.2 T and
0.3 T for D = 0.00 V/nm and 0.60 V/nm, respectively, which matches well with the Pauli
limit calculated from Bp = 1.76kpT%/2/gup, where T? is the zero magnetic field critical
temperature, g is the Landé g-factor, and up is Bohr magneton.
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Tuning the strength of the SC phase with D

In this section, we discuss our main results on tuning the SC with D. Figure. 3a shows
the variation of R,, with v at the base temperature for several D. The corresponding
2—d colormap of R,, with v and D is shown in SI-Fig. 2a. As shown in Figure. 3a, with
increasing positive D, the resistance peak values at the CNP and full band filling (v = +4)
slightly decrease while the most dramatic effect with D can be seen on the electron-doped
side, particularly between v ~ 1 — 3. The superconducting region’s width around v ~ +2.7
gradually shrinks as the D value crosses > 40.25 V/nm. As SC weakens with D, a resistance
peak emerges at v ~ 42 together with an increase in the background resistance value around
v ~ +1. This could be an indication of the onset of correlation physics, which is discussed
in the next section while presenting the Hall density measurements. The concomitance
between the SC suppression and resistance peak appearance with increasing D suggest that
the two phases compete rather than being intimately connected. However, at zero D, it
might be possible that the proximity of the strong SC phase suppresses the resistance peak.
To distinguish, in SI-Fig. 8, the R,, with v shown at B; = 0 and ~ 100 mT. At B, ~ 100
mT, the SC is completely killed, but the resistance peak can hardly be seen at the half-
filling. This indicates that at D ~ 0 V/nm, the signature of correlation at the half-filling is
weaker in our device. Note that the strength of SC also decreases with negative D, but the
effect remains weaker compared to the positive D as discussed in SI- 3 (I) (see SI-Fig. 2b).
The superconducting region being tuned by D has already been reported in other systems

like alternatingly twisted magic-angle trilayer graphene, ®° quadra layer and pentalayer

10,11 f12

graphene, but not so far seen in tBLG. Ref' on MAtBLG reports an appearance of
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a resistive peak at half filling on the hole side (v = —2) with increasing D (negative to
positive). The apparent asymmetric behavior in the SC phase with D (near |v| ~ 2) is
attributed to the structural inhomogeneity in the device but there are no indications of the
nature of modification of the strength of the superconducting phase with D in the study.!?
Here, we have tried to uncover the nature of the tuning of the strength of the SC phase with
D in a near magic-angle twisted bilayer graphene.

The tunability of the SC phase in our near magic-angle tBLG can be further seen in
the superconducting dome, as shown in Figure. 3b and 3c. It can be seen that compared
to Figure. 2b at D = 0.00 V/nm, at D = 0.40 V/nm and 0.60 V/nm in Figure. 3b,c both
the width (in v) of the SC region and T, are reduced significantly. Figure. 3d shows R,
versus T at the optimal doping (v ~ +2.7) for several D, emphasizing the tunability of SC
with D. In Figure. 4, we have summarized the tunability of several SC metrics with D.
The variation of T,, I., and B., with D are shown in Figure.s 4a, 4b, 4c respectively.
Raw data related to these plots are shown in SI- 7 and SI- 8 (SI-Fig.s 9-13); which also
describes the method (R,, value to one-half of its normal state value®%8) used to extract T,
I., and B.,. The right side y-axis of Figure. 4c shows the variation of the superconducting
coherence length ({g) with D. At a given D, the Ginzburg Landau coherence length ({51.)
is extracted from the inferred zero temperature limit of the critical magnetic field, B, (see
SI- 8 (IV) for details). Figure. 4d shows the effect on the SC phase of a parallel magnetic
field, By, and T" at D = 0.00 V/nm (top panel) and D = 0.60 V/nm (bottom panel). The
temperature dependence of B (red dots in Figure. 4d) is fitted to the phenomenological
relation: T/T? =1 — (By/ BSH)Q, where T? is the superconducting critical temperature at

zero B, and the fitting gives the critical parallel magnetic field in the zero temperature limit,
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which matches well with the Pauli limit, Bp,%®33 (see SI- 8 (V) for details) at D = 0.00
and 0.60 V/nm. Note that the asymmetry in SC metrics with positive and negative D seen in
our experiment in Figure. 4 could be related to the asymmetry in the dielectric environment
of the top and bottom layer graphene (different thicknesses of the top and bottom hBN,
metallic top gate versus SiO2/Si back gate, and discussed in detail in SI- 2 and SI- 3 (I)),

and has been reported for alternatingly twisted trilayer graphene.®?

Hall density and isospin symmetry breaking with D

So far, we have discussed how the SC is tuned with D; however, to see its connection with
the characteristics of the band structure, in this section, we present the Fermiology mea-
surements like the Hall density (ng). The single particle low-energy band of tBLG has four
flavors, corresponding to degenerate two valleys and two spins, as schematically shown in
Figure. 5a. The combined spin and valley degrees of freedom are known as isospin symme-
try. In MAtBLG, the isospin symmetries are spontaneously broken due to electron-electron
interactions around the integer fillings, leading to isospin-polarized states. The breaking of
isospin symmetry in twisted bilayer graphene is known as the ‘cascaded’ transitions, or ‘re-
set,” or ‘Dirac revival’.835364% The dependence of Hall density, ng, with filling, v, provides
insight into whether the isospin symmetry is broken or not. Further, ny can differentiate
various phenomena; for instance, a gap opening or the presence of a vHs would cause the
ny to change sign, whereas, for isospin symmetry breaking, ny will reduce and approach
zero in a fully polarized case without changing sign. As the carrier density increases fur-
ther, the ny rises again, reflecting the number of remaining degeneracies. The details are
described in SI-10 and schematically shown in SI-Fig. 16. Figure. 5d shows the variation
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Figure. 5: Hall density and isospin symmetry breaking with D. a) Schematic
representation of isospin unpolarized single particle low energy degenerate bands in tBLG.
b), ¢) Longitudinal resistance, R, vs. the filling factor, v, for displacement field, D = 0.00
V/nm and 0.50 V/nm respectively. d), e) Normalized Hall density vy vs. v for the same
D values as in (b), (c). f) vy — v vs. v plots for several D. g) Schematic representation
of unpolarized isospin flavors at zero D when all the Dirac-like bands are equally populated
with degeneracy g4 = 4. h) Schematic representation for polarized isospin flavors with
degeneracy g4 = 2. i) Filling factors of the optimal doping point of the superconducting
phase, Vopiima and the van Hove singularity (vHs) position, v,ps with D. Both vypiimae and
Vyns track each other and increase with increasing D.
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of the measured Hall filling (normalized Hall density), vy (= 4ny/ns) (see SI- 9 (II) for
details), with the moiré filling factor, v, at D = 0.00 V/nm on the electron-doped side at
B, = 0.5 T (anti-symmetrized by measuring at B, = +0.5 T, see SI- 9 (I) for details). At
B, = 0.5 T, the SC is killed, and it can be seen from Figure. 5d that vy increases with a
linear slope until v ~ +2, and beyond that, vy increases rapidly and diverges (with value
> 1200, see SI-Fig. 15a) on either side of v ~ +2.7, where it changes sign. This is a distinct
clear signature of (the Fermi level crossing) a vHs.? It can be seen from the R,, versus v
plot in Figure. 5b (B, = 0 T) that the SC phase arises around the vHs, and the linear slope
(unity) in the Hall filling (versus filling) measurement confirms that all the four flavours are
equally populated with the charge carriers as shown schematically in Figure. 5g, implying
that the SC arises from an isospin-unpolarized band. A similar result for twisted double
bilayer graphene stabilized by WSe,® has recently been reported, where the superconduc-
tivity emerges from unpolarized states near the van Hove singularities (vHs). Figure.s 5c,e
show similar plots for D = 0.50 V/nm, in which case, initially, the vy increases with slope
one; however, before reaching the vHs at v ~ +3.0, there is a suppression of vy around
v ~ 42, where a resistance peak (R,,) concomitantly emerges as shown in Figure. 5c, with
no SC. The 2—d colormap of vy with v and D is shown in SI-Fig. 17a. To understand the
suppression in Hall filling with v, in Figure. 5f, we plot vy — v versus v, which remains close
to zero at D = 0.00 V/nm, reconfirming the degeneracy of g4 = 4 of the occupied bands. As
can be seen from the figure, with increasing D the values of vy — v deviate from zero and
become negative between v ~ 42 and vHs, and their values head towards ~ —2, attaining
the value of ~ —1.6 at D ~ 0.70 V/nm, which indicates broken isospin symmetry with

gq ~ 2 as schematically shown in Figure. 5h and SI-Fig. 16. Although, vy — v approaching
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—2 indicates isospin symmetry breaking with a degeneracy of 2, and is a well-established

6.8,9.18,50 5 definitive proof would have been the observation of

method used in earlier reports;
anomalous Hall effect (AHE) due to valley polarization or anomaly in R,, response with B
due to spin-polarizarion.® As shown in SI-13 and SI-14, neither AHE with B, nor anomaly
in R,, with B is observed, and this aligns with the prediction® that valley polarization or
spin polarization at half filling is unlikely due to the inter-valley Hund’s coupling. Further

studies, such as local compressibility®® or STM measurements,® are required to confirm the

conclusive evidence of isospin symmetry breaking at the half-filling.

Discussion

To summarize the above section, for our device, SC arises around the vHs from an unpolar-
ized band but becomes weaker with broken isospin symmetry (or cascaded transition/Dirac

135:36) at v ~ 42, which is responsible for the appearance of the peak in R,,. Though

reviva
we do not see any signatures of an insulating behavior of the peak emerging with increasing
|D| at v ~ +2, these two competing phases, SC and the phase with isospin polarization,
are stabilized respectively for small and large values of the displacement field. Though with
increasing D, the SC phase gets suppressed, the intimate connection between the diverging
density of states (vHs) and SC can be seen in Figure. 5i, where the filling values correspond-
ing to the vHs (v,15) and optimal doping for the SC (Vopimar) are plotted versus D and show
a close correspondence. In our theory, using a tight-binding model (see SI- 15), we capture

the shift of the vHs with increasing D as shown in SI-Fig. 22. Although the calculated po-

sition of fillings corresponding to the vHs do not precisely match experimental observations,
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the theory captures the essential features qualitatively. The effect of the shift of the vHs to
higher Fermi level, u, with an increasing electric field, E, and broadening of the density of
states (DOS) around it are calculated in ref® (Fig. S4a) using the continuum model37-53:>4
for a MAtBLG (6 = 1.1°). Broadening of the low energy bandwidth and shift of the vHs with
the applied displacement field, D, in experiments, has also been reported in other twisted
platforms such as in twisted bilayer WSe,.?> We want to mention here that there are several
other systems, such as rhombohedral trilayer graphene,*® alternatingly twisted trilayer®?

1011 in which the SC phase emerges directly from a phase where

and multilayer graphene,
only two out of the four isospin components are occupied. In comparison, in twisted bilayer
graphene, there have been contrasting results between MAtBLG and detuned!® or screened
tBLG. "' For instance, in screened tBLG devices, no signature of symmetry breaking is ob-
served, while in unscreened devices, symmetry breaking is present.”!® Regardless of whether
symmetry breaking occurs or not, SC is observed in both cases. However, since these exper-
iments are conducted on different devices with varying hBN thickness, it is not possible to
directly compare the strength of the SC. Our results in a near MAtBLG device demonstrate
that the isospin symmetry can be tuned by applying a displacement field, allowing us to
study its impact on SC and establish that SC and isospin symmetry breaking compete with
each other. Our observation aligns with recent theoretical findings reported on MAtBLG

f,52 which also show that the SC becomes weaker in the isospin

in Figure 2, and Fig. S4a o
symmetry-broken state. It was noted? that an external electric field has a cumulative effect
of reduction and smearing of the density of states (DOS) peaks, i.e., van Hove singularity
(vHs), and hence reduces the critical temperature of the SC phase. It was also noted®® that

the instability of the Fermi-surface could be responsible for the isospin-symmetry breaking
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and lead to suppression of the SC phase. Similar physics is expected around the magic-
angle; however, for detuned (away from the magic-angle) tBLG, further experimental and
theoretical studies are required to find the role of displacement field on SC.

One could, in principle, argue that the modification with D of the SC phase could be

12 arising from the possible

due to the formation of superconducting percolation networks
presence of disorders. Here we would like to point out that we see (in Figure. 5e) a reduction
of Hall filling, vy, at v ~ +2 with increasing D measured at B, = 0.5 T (B., ~ 60—70 mT
at D = 0.00 V/nm) where no superconductivity survives for any magnitude of |D|, leading
to an isospin polarization with reduced degeneracy. The gradual increase of R,, to a peak
(in Figure. 5c) and simultaneous reduction of the vy near v ~ +2 with D, the synergy
of both these phenomena can only be understood through the underlying modification of
the low energy band structure of below magic-angle tBLG and cannot be reconciled with a
picture of the percolating network of SC and normal state puddles. Moreover, the presence
of a disorder-induced percolation network is expected to show the Fraunhofer pattern, which
is not seen in our experiment for the strongest superconducting dome around v ~ +2.7
at D = 0.00 V/nm (Figure. 2d - left panel). The Fraunhofer pattern only arises after
weakening the superconductivity at higher D as shown for v ~ +2.3 at D = 0.53 V/nm
(Figure. 2d - right panel). Furthermore, the different thermal cycles (SI-Fig. 5) produce
the same results in weakening the SC and the reduction in vy at v ~ 42 with increasing
D, even though the disorder configurations are expected to be different in different thermal
cycles. Further, the possible effect of contacts in our measured R,, is discussed in SI- 3 (II)
and ruled out its role in weakening SC. These observations indicate that the formation of

2

superconducting percolation networks 2 arising from the possible presence of disorders or
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any other extrinsic origins are not responsible for the observed phenomena, rather our data
suggest an intrinsic effect of the low energy band structure modification with electric field

as seen in our theoretical calculations and consistent with ref.52

Conclusions

In summary, our findings emphasize the influence of band structure tuning through an exter-
nal electric field on the emergence of superconductivity and other orders in near magic-angle
twisted bilayer graphene. Our results shine a light on the close connection between the
divergent density of states in the electronic structures (i.e., vHs) and the presence of su-
perconductivity in tBLG near magic-angle. Furthermore, we observe that superconductivity
diminishes with alterations to the electronic structure when isospin gets polarized. Our re-
sults are consistent with the recent theoretical study showing the suppression of SC with
electric field in tBLG, and highlight how the origin of SC in tBLG is special compared to

other twisted and untwisted graphene-based heterostructures. 52
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Methods

Experimental: Device fabrication and measurement scheme:

The device consists of hBN-encapsulated twisted bilayer graphene (tBLG) on a SiO,/Si
substrate. The typical length and width of the devices are 6 pm and 2 pm, respectively. The
usual ‘tear and stack’ technique!® with a modification is used to fabricate the device and is
described in detail in the Supplementary Information (SI- 1). We measured low-temperature
transport in a cryo-free dilution refrigerator at ~ 20 — 25 mK. Using a constant bias current
of I <5 nA, the four-probe longitudinal (V,,) and transverse voltage (V,) were measured

(Figure. le) using a lock-in amplifier at a low frequency (~ 13 Hz).

Theory:

A tBLG structure of twist angle § = 0.95° was generated using the TWISTER code.? The
atomic positions were then relaxed in LAMMPS®” up to a force tolerance of 107 ev/A.
Classical force fields were used to model the interatomic interactions, with Tersoff®® as the
intra-layer potential and DRIP? as the inter-layer potential. The electronic band structures
were computed using a tight binding model with the transfer integrals approximated using
the Slater-Koster formalism.® The displacement fields were integrated into the calculations
as on-site terms within each layer, enabling the assessment of their impact on the electronic
properties of the system. Although the doping levels, at which the van Hove singularities
(vHs) occurred in our calculations are lower than those observed experimentally, the quali-

tative behavior and the evolution of the vHs on the electron side with displacement field are
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consistent with the experimental findings. Further details are available in the Supplementary

Information (SI- 15).
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